During latent infection of neurons with herpes simplex virus type 1 (HSV-1), several RNA transcripts of varying abundance arise from a single locus within the virus repeats. The functions of latency-associated transcripts (LATs) are unknown and the relationship between the various RNA species requires further clarification. Reported here is a novel approach to the study of HSV transcripts during latency, based on the increasing realization that cellular and viral RNAs are synthesized and processed by macromolecular complexes that occupy discrete compartments within the nucleoplasm of a cell. High resolution non-isotopic in situ hybridization was used to study the intranuclear topology of HSV-1 LATs in primary sensory neurons of latently infected mice and humans. Low abundance (minor)
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LATs were localized to sharply defined intranuclear foci of 1 to 3 I~m in diameter. On average, there were 2"6 to 2"8 foci/LAT + neuronal profile (5 Ixm), representing 13 to 14 foci/cell. In contrast to the focal deployment of minor LATs, the more abundant latency-associated RNAs were distributed diffusely throughout the nucleoplasms of latency infected neurons, with prominent sparing of nucleolar regions. These data establish a foundation for studying the synthesis, processing and transport of LATs in vivo. It should now be possible to investigate the nature of those cellular products which associate with HSV-1 encoded LATs in vivo and thereby determine whether minor LATs are associated with previously characterized macromolecular complexes, such as those responsible for processing of pre-messenger RNA.
In~oducfion
Herpes simplex virus type 1 (HSV-1) establishes a lifelong latent infection in neurons of sensory ganglia innervating the site of primary infection (reviewed by Wildy et aL, 1982) . Despite the technical difficulty involved in the molecular analysis of HSV-1 latency, which is largely due to the fact that the virus persists in only a minority of neurons, significant advances have been made in recent years. During latent infection the viral genome is maintained in a non-replicative state and transcription is restricted to a single region within the virus repeats that encodes a family of related RNA species termed latencyassociated transcripts (LATs) (for reviews, see Stevens, 1989 and Ho, 1992) . The two major (i.e. most abundant) LATs are collinear poly(A)-molecules of approx. 1.5 and 2.0 kb, which are complementary to and partially overlap the 3' end of the mRNA encoding the immediate early protein ICPO (Spivack & Fraser, 1987; Wagner et al., 1988a, b; Wechsler et al., 1988) . Numerous in situ hybridization (ISH) studies have shown that major LATs are characteristically detected within the nuclei of latently infected neurons (Stevens et aL, 1987; Wagner et al., 1988b; Wechsler et al., 1988; Dobson et al., 1989) . Furthermore, ISH has also detected nuclear transcripts of low abundance (minor LATs) arising from regions of the viral genome flanking the major LAT locus; in total, the in situ positive region spans approx. 8"3 kb of the viral genome (Mitchell et al., 1990a) .
Despite intensive study, the function of HSV-1 LATs and the relationship between the major and minor RNA species remain poorly understood. It has been proposed that major LATs are stable introns derived from a single 8'3 kb poly(A) + primary transcript (Devi-Rao et al., 1991 ; Farrell et al., 1991) . In support of this proposal, a single promoter element located at the 5' end of the in situ positive region (almost 700 nucleotides upstream of the major LATs) accounts for all HSV-1 transcription during latency (Dobson et aL, 1989; Mitchell et al., 1990b) . However, detection of a primary transcript and its putative spliced products (approx. 6.5 kb) in latently infected tissue by Northern blot analysis has been problematic (Zwaagstra et al., 1989; Devi-Rao et al., 1991) . Consequently, the patterns of transcription and 0001-1564 © 1993 SGM processing of viral RNA in latently infected neurons merit further study.
It is becoming increasingly apparent from studies using high resolution non-isotopic ISH that synthesis and processing of cellular and viral RNA molecules within the highly viscous nucleoplasm of a cell is spatially organized into discrete compartments (for review, see . For example, in Epstein-Barr virus (EBV)-immortalized lymphoblastoid cells, fluorescence ISH has shown that viral transcripts encoding the nuclear antigens are localized to intranuclear foci or tracks. The number of foci detected appears to be proportional to the number of EBV genomes in the cell and it has been proposed that each focus may be associated with a single transcriptionally active EBV genome (Xing & Lawrence, 1991) . In the present study, non-isotopic ISH was used to investigate the spatial organization of HSV-1 transcripts in latently infected primary sensory neurons in vivo. In spinal ganglia of mice and trigeminal ganglia of HSV-seropositive humans, minor LATs were localized to intranuclear foci of 1 to 3 gm in diameter. Minor LAT probes detected, on average, 2.6 to 2.8 foci/LAT + neuronal profile, representing up to 13 to 14 foci/cell. Focal hybridization was not a feature of major LAT-specific probes. Rather, major LATs were diffusely distributed throughout the nucleoplasm with prominent sparing of nucleolar regions.
Methods
Virus. Cloned HSV-1 strain SC16, a clinical isolate with a low passage history (Hill et al., t975) , was grown and titrated in Vero cells (Russell, 1962) showing the relative positions of the major LAT locus (boxed) and the restriction enzyme sites used to construct the six BamHI B subclones (shown below) from which riboprobes were generated (P, S, H, Sa, X, B represent Pst I SphI, HpaI, SalI, XhoI and BamHI respectively). In some experiments truncated probes were generated from pSLAT4 and pBS0 templates linearized prior to transcription with Eco52I (E) and XhoI respectively.
neuroinvasive and its pathogenesis has been characterized for several strains of mice (Simmons & La Vista, 1989) .
Latently infected tissues.
Female BALB/c and Swiss outbred mice aged over 8 weeks, raised in the Institute of Medical and Veterinary Science Field Station, Gilles Plains, South Australia, were used. The zosteriform model has been described previously (Simmons & Nash, 1984; Speck & Simmons, 1991) . Briefly, after depilation with Nair (Carter-Wallace) a small area of skin on the left flank, within the tenth thoracic dermatome, was scarified with a 27-gauge needle through a I0 gl drop of virus suspension containing 3 x 104 to 1.5 x l0 s p.f.u. At various times after infection, pooled, ipsilateral dorsal root ganglia (T6 to L1) were fixed in periodate-lysine paraformaldehyde (PLP; McLean & Nakane, 1974) for 60 rain, transferred to 50% ethanol and then paraffin-embedded.
Human trigeminal ganglia removed from two HSV-seropositive cadavers during post-mortem examination of the nervous system were fixed in PLP overnight (about 16 h), transferred to 50% ethanol and paraffin-embedded. Ganglia from both subjects were HSV antigennegative.
Sections (5 gin) of latently infected tissues were collected onto glutaraldehyde-activated 3-aminopropyl-triethoxysilane-coated slides and de-waxed in xylene before use.
Probes. Plasmids pBS0, pSLAT3 +, pSLAT4, pSLAT5, pSLAT6 and pSLAT7 were constructed by inserting HSV-1 BarnHI B subfragments ( Fig. 1) into the multiple cloning site of Bluescribe MlY (Stratagene). Transcription of pSLAT6 and pSLAT7 templates from the T3 promoter generated probes complementary to LATs; all other inserts were orientated such that T7 transcripts were complementary to LATs. Plasmids were linearized by restriction enzyme digestion and gelpurified to remove uncut templates prior to transcription. In some experiments truncated probes were produced from pSLAT4 linearized with Eco52I (pSLAT4/E), and pBS0 linearized with XhoI (pBS0/X). pBS0/X and pSLAT5 probes were equivalent. Transcription was carried out according to Promega recommendations with the following modifications: 12 gM-rUTP, 0.085 pM-[~2P]rUTP and 250 gM-digoxigenin-11-rUTP (DIG-UTP; Boehringer Mannheim). From each transcription reaction 0.2 to 2.0 pg of RNA was recovered, as determined by incorporation of the radioactive tracer (assuming that [32P]rUTP and DIG-UTP were equally incorporated).
In situ hybridization. Dewaxed sections were rehydrated in graded alcohol solutions, refixed in 0-1% glutaraldehyde/PBS (PBS is 140 mMNaC1, 2 mM-KC1, 1 mM-KHzPO 4 and 8 mM-Na~HPO 4, pH 7.4) for 30 min at 4 °C and washed in PBS (5 min). Tissue was digested with 100 gg/ml proteinase K (15 min, 37 °C, in 0.02 M-CaC12), washed in PBS (1 min), refixed in 0.1% glutaraldehyde/PBS (15 rain, 4 °C), and rinsed in 0-1 x SSC (SSC is 0.15M-NaCI, 0.01 M-trisodium citrate) before acetylation (10min in 0.25% acetic anhydride, 0.1 M-triethanolamine, pH 8.0). After acetylation, slides were washed in SSC (10min) and drained thoroughly before the addition of 20~tl hybridization mixture (Gowans et al., 1989) containing 1 to 30 pg of DIG-labelled RNA probe per section. Glass coverslips coated with Prosil (PCR Inc.) were sealed in place with rubber cement and sections were incubated for 16 h at 22 to 26 °C below theoretical T,n (pBS0, 74 °C; pSLAT3 ÷, 60 °C; pSLAT4/E, 67 °C; pBS0/X, pSLAT5 and pSLAT6, 71 °C; pSLAT7, 69 °C). Unbound probe was removed by washing slides sequentially at room temperature in SSC (for 5 rain, 0.1 x SSC containing 10 mM-Tris-HC1 (pH 7.5, 60 min), followed by a stringent wash in 0.1xSSC, 30% deionized formamide, 10mM-Tris-HC1 pH 7"5, at 5 to 15 °C below T m (pBS0, 74 °C; pSLAT3 ÷, 60°C; pSLAT4/E and pSLAT7, 68°C; pBS0/X, pSLAT5 and pSLAT6, 70 °C) for 30 rain. Bound probe was detected with anti-DIG antibodies coupled either to alkaline phosphatase or peroxidase and developed according to the manufacturer's instructions (Boehringer Mannheim). Slides were washed thoroughly in tap water to stop development and were counterstained with rapid haematoxylin for 10s.
Results

Focal distribution of minor LA Ts in spinal ganglia of mice
Minor LAT probes generated from templates corresponding to sequences either upstream (pSLAT3 +, pSLAT6) or downstream (pSLAT5, pBS0/X) of major LATs were used to analyse spinal ganglia removed from (i) a group of 11 BALB/c mice killed 44 days after infection and (ii) a group of eight Swiss outbred mice killed 660 days after infection. All probes gave rise to a focal staining pattern, disclosing discrete intranuclear domains of minor LATs, 1 to 3 ~tm in diameter (Fig. 2a to e). The average diameter of LAT + neuronal nuclei was about 25 lam. Target sequences were not destroyed by pretreatment of sections with DNase ( Fig. 2e) but staining was completely abolished by pretreatment with RNase (not shown). Staining was not detected in uninfected tissue (Fig. 2f ) nor in infected tissue incubated with probes of the same sense as LATs (not shown). Hybridization of probes generated from pSLAT5 or pBS0/X was detected using either alkaline phosphatase- (Fig. 2a or e) or peroxidase- (Fig. 3a) conjugated anti-DIG antibodies and the domains of intense hybridization were of a similar size range irrespective of the detection system used.
The staining patterns associated with pSLAT5 and pSLAT6 probes were compared in a concurrent analysis of 183 randomly selected sections taken from ganglia of BALB/c mice 44 days after infection. Probes generated from pSLAT5 detected 65 latently infected neurons in 99 ganglionic sections (0.66/section), with an average of 2"8 loci of hybridization per positive neuronal profile. Probes generated from pSLAT6 detected 54 latently infected neurons in 84 ganglionic sections (0.64/section), with an average of 2.6 foci of hybridization per positive neuronal profile. Furthermore, there was no apparent difference in the size of the foci detected by pSLAT5 and pSLAT6 probes and it was concluded that the intranuclear domains identified by these probes could not be distinguished on the basis of size or number.
Diffuse distribution of major LATs in spinal ganglia of mice
Ganglia removed from latently infected BALB/c mice 44 days after infection were further analysed using probes complementary to major LAT sequences (pSLAT7, pSLAT4/E). In contrast to the focal staining associated with minor LAT probes, both pSLAT7 and pSLAT4/E gave rise to diffuse, sometimes punctate, nucleoplasmic staining, often with prominent sparing of nucleoli (Fig.  4a) . A similar staining pattern was observed in ganglia removed from BALB/c mice 207 days after infection and Swiss outbred mice 660 days after infection (Fig.  4b) indicating that the distribution of major LATs is stable for long periods irrespective of the strain of mouse. There was a wide variation in the intensity of staining among the major LAT + neurons in each ganglionic section (Fig. 4c) and weak staining was sometimes uneven or patchy (Fig. 5 b) . However, sharply defined foci of hybridization were never associated with major LAT probes. 
Simultaneous detection of major and minor LATs
T w o strategies were used for s i m u l t a n e o u s detection o f m a j o r a n d m i n o r L A T s . First, ganglia r e m o v e d f r o m BALB/c mice 207 days after infection were hybridized with a probe (pBS0) complementary to sequences spanning the 3' end of major LATs. This probe gave rise to sharply defined foci of hybridization over a background of diffuse nucleoplasmic staining, i.e. the patterns characteristic of minor and major LATs were superimposed (Fig. 3b) . A total of 61 positive neuronal profiles were detected in 40 ganglionic sections (1.53/section) and of the positive profiles, 33 (0.83/section) displayed only diffuse nuclear staining. No LAT + neurons contained foci alone, but in 28 profiles (0"70/ section) foci of hybridization were detected in conjunction with diffuse nucleoplasmic staining. On the same tissue, 50 neurons containing foci were detected in 66 sections (0.76/section) using a truncated minor LATspecific probe (pBS0/X), indicating that diffuse staining did not interfere with the detection of foci containing minor LATs. Second, latently infected BALB/c tissue (44 days after infection) was hybridized with a probe complementary to the major LAT region (pSLAT7), or a minor LATspecific probe (pSLAT5) or a mixture of both. The sharply defined foci of hybridization typical of minor LATs (Fig. 5 a) and the diffuse staining typical of major LATs (Fig. 5b) were superimposed when a mixture of probes was applied (Fig. 5 c) .
Effect of fixation
In the experiments described above, tissues were preserved with PLP, which contains a cross-linking fixative (paraformaldehyde) known to preserve intranuclear RNA-containing domains accurately (Carmo-Fonseca et al., 1991b) . The focal hybridization associated with minor LAT-specific probes in PLP-fixed ganglia was reproduced in BALB/c tissue preserved in ethanol-acetic acid (3:1; EAA), strongly suggesting that the domains containing minor LATs were not an artefact of fixation (not illustrated). However, compared with PLP, staining was weaker in EAA-preserved tissue and consequently PLP was regarded as a superior fixative for studying RNA localization by ISH.
Intranuclear distribution of LATs in human trigeminal ganglia
Sections of trigeminal ganglia from two HSVseropositive cadavers were examined with probes generated from pSLAT4/E and pSLAT5. In agreement with the observations made in latently infected mice, major LATs were distributed diffusely throughout neuronal nucleoplasms (Fig. 6a) and minor LATs were located within sharply defined domains (Fig. 6 b) .
Discussion
High resolution, non-isotopic ISH was used to study the spatial organization of HSV-1 transcripts in primary sensory neurons of latently infected mice and humans. Minor LAT species were not randomly distributed within neuronal nuclei but, rather, they were concentrated into sharply defined foci. Indeed, their intensely focal distribution rendered them readily detectable in situ, despite their low overall abundance in latently infected tissue (Mitchell et al., 1990a) .
In striking contrast to the focal deployment of minor LATs, major LATs were dispersed widely throughout the nucleoplasms of latently infected neurons. Thus, high and low abundance transcripts could be readily differentiated according to their spatial distribution. The characteristic staining patterns of major and minor LATs could be superimposed by using a mixture of probes, showing for the first time that these RNAs coexist in latently infected neurons, i.e. they do not represent mutually exclusive patterns of transcription in different cell populations. The relative abundance of major and minor LAT sequences within the domains identified by minor LAT probes merits discussion. Foci were readily distinguished from a background of diffuse staining when a mixture of probes, or a probe spanning major and minor LATs, was applied. In contrast, focal staining was never a feature of probes complementary to sequences wholly within the major LAT locus, even in weakly stained nuclei. Identification of foci containing minor but not major LAT sequences is the first evidence supporting the possible existence of spliced transcripts in vivo. Whether these transcripts represent translatable poly(A) + mRNAs is unclear. We have not been able to detect these transcripts within the cytoplasm of latently infected neurons and to our knowledge no 'latent' HSVencoded protein product has been identified vqithin latently infected neurons in vivo. Should processed minor LAT RNAs be transported to the cytoplasm it is likely that they are present at very low concentrations, making them undetectable with our current ISH protocol. This situation would be analogous to that of the EBV RNAs encoding viral nuclear antigens, which are readily detectable within nuclei during latent infection but which cannot be detected within the cytoplasm of these cells (Lawrence et al., 1989; Xing & Lawrence, 1991) .
It has been suggested that major LATs are introns (Dobson et al., 1989; Farrell et al., 1991) and consequently their non-focal distribution in neuronal nucleoplasms may be of general interest. To our knowledge, the distribution of introns within mammalian nuclei has not been previously reported and further experiments will be required to determine whether the diffuse nucleoplasmic distribution of major LATs is a consequence of their unusual stability or whether it is a general characteristic of intron sequences. In particular, it remains to be demonstrated with certainty that major LATs are indeed introns during latent infection in vivo. The non-contiguous nature of major and minor LATs revealed here by their different intranuclear locations does not exclude the possibility that the 2-0 kb major LAT is a primary transcript initiated about 700 nucleotides downstream of the LAT promoter (Spivack et al., 1991) .
In mammalian cells a number of steps are required to generate translatable mRNA, including synthesis of the primary transcript, capping, hnRNP assembly, polyadenylation, splicing and transport to the cytoplasm (for review, see Nevins, 1983) . Although a great deal of information exists regarding the biochemical processes involved in these steps, less is known about the distribution of the macromolecular complexes involved. However, in recent years the application of high resolution ISH techniques has resulted in significant advances in our understanding of the functional organization of the nucleus. Mammalian nuclei have been shown to contain foci which are enriched in components of the pre-mRNA splicing machinery (Carmo-Fonseca et al., 1991 a, b) . Further, poly(A) + RNA appears to reside within several nuclear foci which are considered to represent transcription and/or processing domains . Similarly, viral transcripts expressed in human immunodeficiency virus-infected cells (Lawrence et al., 1990) and EBV producer and non-producer cell lines (Lawrence et al., 1989; Xing & Lawrence, 1991) have been localized to foci or tracks, each focus being considered to be produced by a single transcriptionally active viral genome. In the experiments reported here, minor LAT-specific probes pSLAT6 and pSLAT5 respectively disclosed, on average, 2.6 and 2.8 intranuclear foci/LAT ÷ neuronal profile. The average diameter of LAT + neuronal nuclear profiles (about 25 gm) was five times greater than the thickness of the sections (5 gm) and therefore there may be up to 13 to 14 foci, on average, per nucleus. This corresponds closely with the estimated number of viral genomes/LAT + cell in trigeminal (R~dahl & Stevens, 1992) or dorsal root ganglia (Simmons et al., 1992) of experimentally infected mice. However, we have not been able to determine whether each focus of minor LATs is associated with a single transcriptionally active viral genome because attempts to detect (and therefore localize) latent HSV DNA sequences by non-isotopic ISH have so far failed (B. Slobedman, personal communication).
The apparent size of the foci containing LATs, whether stained by peroxidase-or alkaline phosphatase-labelled antibodies, is larger than the intranuclear domains of poly(A) + RNA or pre-mRNA previously visualized by fluorescence ISH in cultured cells Wang et al., 1991) . The size discrepancy may be a reflection of the techniques used, or detection of different complexes. It is also possible that RNA processing compartments within the nuclei of neurons are much larger than those of HeLa cells. Other macromolecular complexes are known to increase in size in proportion to the size of the cell. For instance, nucleoli of primary sensory neurons are much larger than their counterparts in cultured HeLa cells (5 Jam as opposed to 2 gm). Further characterization of the macromolecular domains containing minor LATs, perhaps using fluorescence or electron microscopic ISH, wili determine their true size.
In this study, high resolution ISH enabled the intranuclear locations of major and minor LATs to be differentiated, establishing a foundation for studying the synthesis, processing and transport of these molecules in vivo. It should now be possible to investigate the nature of those cellular products which associate with HSV-1 encoded LATs and thereby determine whether minor LATs are associated with previously characterized macromolecular complexes, such as those responsible for processing of pre-mRNA (Wang et al., 1991) .
